a b s t r a c t Obesity is a crucial public health issue in developed countries, with implications for cardiovascular and brain 19 health as we age. A number of commonly-carried genetic variants are associated with obesity. Here we aim to 20 see whether variants in obesity-associated genes -NEGR1, FTO, MTCH2, MC4R, LRRN6C, MAP2K5, FAIM2, 21 SEC16B, ETV5, BDNF-AS, ATXN2L, ATP2A1, KCTD15, and TNN13K -are associated with white matter microstructural 22 properties, assessed by high angular resolution diffusion imaging (HARDI) in young healthy adults between 20 23 and 30 years of age from the Queensland Twin Imaging study (QTIM). We began with a multi-locus approach 24 testing how a number of common genetic risk factors for obesity at the single nucleotide polymorphism (SNP) 25 level may jointly influence white matter integrity throughout the brain and found a wide spread genetic effect.
Obesity gene NEGR1 associated with white matter integrity in healthy 2 young adults 3Q13 Emily L. Obesity is a major public health issue facing developed countries. In 38 the United States over a third of adults are classified as obese, and an-39 other third are considered to be overweight (Ogden et al., 2012) . ty has well-established links to serious health issues such as diabetes, 41 heart disease, and premature death (Must et al., 1999) . High body 42 mass index (BMI) 1 in midlife is linked to poorer cognitive functioning 43 in old age (Fitzpatrick et al., 2009; Walther et al., 2009 ). Greater BMI is 44 associated with lower brain volume (Walther et al., 2009; Ward et al., 45 2005; Taki et al., 2008), brain atrophy (Gustafson et al., 2004) , and 46 lower gray matter density (Pannacciulli et al., 2006) , and neuronal and 47 myelin abnormalities (Gazdzinski et al., 2010) . Obesity is associated 48 with abnormalities in white matter volume (Haltia et al., 2007; Raji 49 et al., 2009), diffusivity (Alkan et al., 2008) and integrity across many 50 brain regions (Stanek et al., 2009; Verstynen et al., 2012; Xu et al., 51 2013). These brain differences in obese people may be attributable to 52 a less healthy diet and lifestyle, which negatively affect brain health 53 (Molteni et al., 2002; Northstone et al., 2012; Ars, 2012 yet it is highly heritable (Wardle et al., 2008) , and genetic vulnerabilities 62 interact with lifestyle factors. A number of genes have been repeatedly 63 associated with obesity in cohorts worldwide (Frayling et al., 2007;  64 Loos et al., 2008; Ng et al., 2012; Okada et al., 2012; Wen et al., 2012) . 
151
Establishing zygosity and genotyping
152
Zygosity was objectively established by typing nine independent
153
DNA microsatellite polymorphisms (polymorphism information con-154 tent N0.7), using standard PCR methods and genotyping. Results were 155 crosschecked with blood group (ABO, MNS, and Rh), and phenotypic 156 data (hair, skin, and eye color), giving an overall probability of correct 195 195 We also analyzed radial diffusivity (D rad = the average of λ 2 and λ 3 ),
196
mean diffusivity (D mean = λ) and axial diffusivity (D ax = λ 1 ) to clarify 197 the extent to which each might be contributing to the changes in FA.
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MDT
199
The MDT (minimal deformation template) is the template that devi-
200
ates least from the anatomy of the subjects, and, in some circumstances,
201
it can improve statistical power (Leporé et al., 2007) . Using a custom-
202
ized template from subjects in the study (rather than a standard atlas 203 or a single optimally chosen subject) can reduce bias in the registrations.
204
Included in the MDT were FA images from 32 randomly selected unre- voxel-wise parallelization on a multi-CPU grid computer. The 
searchlight false discovery rate method (Langers et al., 2007) Table 2 t2:2
SNPs included in the multiSNP model. for age and sex. There were no significant differences in head motion 
fasciculus or uncinate (Fig. 6) Many genes have been linked to obesity, yet thus far only two stud-
431
ies have examined the effect these obesity genes may have on brain 432 structure (Ho et al., 2010; Horstmann et al., 2013 
461
The rs2815752 SNP is just upstream of the NEGR1 gene, and the A risk 462 allele tags a 45 kb deletion (Jarick et al., 2011) . NEGR1 codes for the pro- 
NEGR1 loss of function led to decreased body mass in mice in vivo, and had lower FA across a wide swath of central white matter (Fig. 4) Hibar et al., 2013; Thompson et al., 2013) , and a multi-site
486
GWAS of diffusion images is underway (Jahanshad et al., 2013; 487 Kochunov et al., 2014 in neural development, we could be detecting effects of lower 496 myelination in NEGR1 risk allele carriers. We did not find any significant 497 associations between BMI and FA in our cohort, and our subjects were 498 aged 20-30, so it is highly unlikely that these results are chronic effects 499 of obesity and lifestyle factors. BMI-related SNPs could also affect the 500 brain in ways not mediated by obesity. In other words, they could 501 have a direct effect on the brain (e.g. influencing motivation/personali-502 ty). We did have some overweight and obese subjects in our sample, as 503 noted in Fig. 1 , but did not find any significant differences in overweight 504 or obese groups. While obesity rates in developed countries are typically 505 close to 30%, our sample was quite a bit healthier, with only 6% obese 506 and 20% overweight. We believe that this is a strength of our paper, as 507 it demonstrates that our results are more gene-related, rather than a 508 consequence of obesity. With the makeup of our sample, our results
509
indicate that NEGR1 can have a negative effect on white matter integrity 510 independent of its effects on obesity risk. We can investigate whether 511 this association holds in a sample including more obese subjects. We also conducted a second NEGR1 analysis, running a gene-based 517 test (called 'PCReg') on 275 SNPs in NEGR1 (Hibar et al., 2011) . We (Fitzpatrick et al., 2009 ). Our subjects did 537 not show any associations between BMI and FA, and NEGR1 risk allele 538 dosage was not associated with BMI. Our young adult subjects may 539 not have had a chance for the obesity genes to have an effect, and we 540 only had 499 subjects, which is very large for a brain imaging study, 541 but small for a genetics study. The original studies finding an effect of 542 these genes on obesity did so in sample sizes N30,000 with an average 543 age around 50. We are examining a younger cohort, so brain changes 
group has found a positive association between a marker of inflamma-552 tion and apparent diffusion coefficient (same as mean diffusivity)
553
(Cazettes et al., 2011). Verstynen et al. (2013) In this study we used an innovative multi-locus approach to exam-576 ine the joint effect of obesity-associated SNPs on white matter integrity 577 in young, healthy adults. We found a panel of SNPs that jointly influ-578 enced central white matter integrity. We found the most extensive ef- loci associated with body mass index highlight a neuronal influence on body weight differences due to head motion in a diffusion MRI study. NeuroImage 88, 79-90.
